INTRODUCTION
Ocypodid crabs such as fiddler crabs (Uca spp.) and ghost crabs (Ocypode spp.) are semi-terrestrial invertebrates that play important structural and functional roles in the ecology of salt marshes, tropical mangroves and sandy beaches around the world (Wolcott, 1978; Katz, 1980; Lim and Heng, 2007) . Deposit feeding in all the Uca spp. and in some Ocypode spp. physically and chemically, alters the substratum in which they live. Burrowing activities of these crabs increase sediment drainage, soil oxidation-reduction potential, and the in situ decomposition of plant remains within the substrate (Bertness, 1985) , improve the aeration and increase the complexity of the substrate (Teal and Kanwisher, 1961; Katz, 1980; Chan et al., 2006) .
Burrows are used by ocypodids as a refuge from extremes of temperature, desiccation, predation, provide water for their physiological needs, and also act as sites for moulting, copulation, and reproduction (Hughes, 1973; Ringold, 1979) . Burrow morphology of fiddler crabs has been widely studied compared to the few studies on the burrow architecture of ghost crabs (Shuchman and Warburg, 1978; Chakrabarti, 1981; Duncan, 1986; De, 2005; Chan et al., 2006; Seike and Nara, 2008) . Variations in burrow architecture of ocypodids have been described to be species specific and affected by the substratum compactness, composition, salinity and the vegetative cover (Bertness and Miller, 1984; Ewa-Oboho, 1993; Lim and Heng, 2007; Lim and Rosiah, 2007) . Sex, size, anatomy, maturity of the crabs, and the presence of competing species have been reported to affect the type of burrows built (Takahasi, 1935; Crane, 1941; Barrass, 1963; Hughes, 1966; Shuchman and Warburg, 1978; Lim and Diong, 2003; Chan et al., 2006) . Some physical characteristics of burrows of Ocypode spp. from U.S.A., India, Israel, Hong Kong and Japan have been studied to-date (see Frey and Mayou, 1971; Hill and Hunter, 1973; Shuchman and Warburg, 1978; Chakrabarti, 1981; De, 2005; Chakrabarti, 1981; Chan et al., 2006; Seike and Nara, 2008) . The distribution of the burrows of Ocypode has also been linked to tidal cycles, and the size of the crabs (see Barrass, 1963; Jones, 1972) . Similar observations that the burrows increase in vertical depth, diameter and complexity from the foreshore towards the dune were described (see Chakrabarti, 1981; Seike and Nara, 2008) . Duncan (1986) reported that the orientation of the burrows of O. quadrata (Fabricius, 1787) were strongly correlated to the direction of substrate slope where the burrows occurred but were unrelated to the direction of the shoreline as described by previous workers (Frey and Mayou, 1971; Chakrabarti, 1981) . Steeper burrows of O. quadrata were observed to be more common in flatter, low relief areas as compared to gentler burrows of O. ceratophthalmus (Pallas, 1772) from the foreshore to the dune (Duncan, 1986) .
To-date, various burrow shapes have been reported: unbranched, straight, gently curved, spiral tubes, multibranched, J, U, V and Y-shaped for seven species of ghost JOURNAL OF CRUSTACEAN BIOLOGY, 31(1): 59-65, 2011 crabs, viz., O. quadrata, O. sinensis Dai, Song and Yang, 1985, O. cursor (Linnaeus, 1758) Braithwaite and Talbot, 1972; Shuchman and Warburg, 1978; De, 2005; Chan et al., 2006) . In some ghost crab burrows, e.g., O. ceratophthalmus, the terminal end of the main shaft is slightly inflated (Braithwaite and Talbot, 1972; Chan et al., 2006) . It is intriguing that such a great diversity of burrow architecture exists for this group of ocypodids.
Crabs of the genus Ocypode are the dominant macrofauna commonly found in the foreshore to dune regions of sandy shores in many parts of the world. In the past decade, the presence and abundance of ghost crab burrows have been used as indicators of human disturbance on coastal shores (Barros, 2001; Neves and Bemvenuti, 2006; Yong and Lim, 2009) . Hence, studies on the construction of burrows by juveniles, i.e., during recruitment and recolonization, as well as changes in burrow morphology as the crabs age and mature are important toward understanding the ecology of these bioindicators of coastal habitat health.
Ocypode ceratophthalmus is abundant on the shores of Sai Kaew beach (a pristine and undisturbed coastal habitat), southern Thailand (Fig. 1) . The crabs are active on the sand surface during the day and their burrows are distributed at the foreshore of the sandy beach. Wax burrow casts revealed a large percentage of Y-shaped burrows and some that were J and U-shaped. Takahasi (1935) had suggested that juveniles build J-shaped burrows; as the crab grow and increase in size, the burrow type associated with the maturing crabs take on the V, U and finally Y-shaped morphology. Our observations at Sai Kaew revealed that there are J, U and Y-burrows across a range of burrow diameters (small to large). To-date there has been no study that compares the burrow morphology of crabs of the genus Ocypode at different stages of maturity by using the Watson-Williams test for angular variables on the angles formed by the burrow arms and shafts.
The objectives of this study were to determine: 1) the prevalent shape of Ocypode ceratophthalmus burrows at Sai Kaew beach, and 2) if there is a consistent sequential change in architecture of the burrows excavated by juvenile and young adult crabs. Results from this study will provide baseline data for comparisons with burrows constructed by these crabs in disturbed sandy shores.
MATERIAL AND METHODS
This study was conducted from April to June 2003 on the sandy shores of Sai Kaew Beach at Nakhon Si Thammarat, southern Thailand (Fig. 1) . Burrows of O. ceratophthalmus on the sandy shore were identified and cast with wax for this study. The gradient of the slope where the burrows were distributed was relatively flat at approximately 7u.
Molten liquid wax was poured into the crab burrows and left to cool and harden. After the wax had hardened, the burrow casts were excavated carefully, tagged, washed, air dried and taken back to the laboratory for measurements. Only complete burrow casts with burrow occupants captured or entombed were used in the data analyses. The burrows were categorised into J, U or Y burrows based on their shapes. The prevalence of each burrow shape was compared.
The burrow casts were laid flat on paper and outlines of the burrow casts were traced. Seven parameters were measured on the traced outline for each Y-shaped burrow: 1) burrow diameter (BD); 2) arm depth (AD) is the vertical distance from the ground to the level which the burrow shaft begins; 3) vertical shaft depth (VSD) is the vertical distance from the start to the end of the burrow shaft; 4) total burrow depth (5 AD + VSD) is the vertical depth of the burrow from the ground to the end of the burrow shaft; 5) angle between open arm (OA) of burrow and substrate surface (a); 6) angle between blind-ending arm (BeA) and substrate surface (b); and 7) angle between the bend of the descending arm and the perpendicular (h) (Fig. 2 ). Length and angles were measured to the nearest centimetre and degree respectively. Burrow occupants were either caught as they emerged through the sand when molten wax was poured into the burrow or entombed in the wax casts. Wax casts were melted to retrieve entombed crabs for carapace width and length measurements after all the burrow measurements were recorded. Carapace widths and lengths of all burrow occupants were measured with a pair of digital Vernier callipers (Mitutoyo). Based on Hughes' (1966) criterion, size classes of O. ceratophthalmus were designated as follows: juvenile, Juv (carapace width , 20 mm, young adult, YgA (carapace width $ 20 mm). Our burrow casts were then categorised into those constructed by juvenile or young adult crabs based on the carapace width of the burrow occupants.
The relationship of burrow diameter and carapace width in different types of burrows was determined with a scatterplot of the variable 'Burrow diameter' against 'Carapace width'. To determine the relationship between the size of the crabs to their spatial requirement when they burrow underground, a scatterplot of the variable 'Carapace length' against 'Carapace width' of juvenile and young adult crabs was constructed.
Statistical Analyses
The variable 'Depth' was regressed against 'Carapace width' to compare the arm depths of J, U and Y-burrow together with the total burrow depth of Y. The variable, 'Depth' was regressed against 'Total depth' for separate burrow part (arm and shaft) of Y-burrows in juvenile and young adult crabs. Two analyses of covariance (ANCOVA) were performed using General Linear Model (GLM) on MINITAB (MINITAB Inc., Release 14.1, 2003) with 'Depth' as the response variable, 'Burrow part' as the factor, and 'Total depth' as the covariate for 1) juvenile and 2) young adult crab burrow data. No test of intercepts would be carried out when slopes were significantly different.
The Watson-Williams Test for circular distributions (see Zar, 2010) on MINITAB was used to analyse the angular variables: 1) a, b and h of the Y-burrows of juvenile and young adult Ocypode ceratophthalmus; 2) a of J, U and Y-burrows; and 3) b of U and Y-burrows.
RESULTS
Out of the 131 burrows that were cast, only 67 burrows of the three shapes were complete and had burrow occupants that were captured. Y-burrows were the most prevalent (66%) as compared to the J and U-burrows (13% and 23% respectively). Some of the discarded burrows included multi-branched, slanted or straight burrows. Four of the slanted burrows that were complete and had crab occupants were discarded because it was not possible to have equivalent comparison of angles in these burrows with the three burrow shapes.
The scatterplot (Fig. 3) shows that all J, U and Yburrows were distributed across crabs of various carapace widths and none of the burrow shapes were restricted to any size range and associated specifically with any stage of maturity of the crabs. A linear relationship between the carapace length and width of the Juv and YgA crabs indicates that the proportion of carapace length to width of the crabs at all stages of maturity remains the same (Fig. 4) .
Arm depths of J, U and Y-burrows were similar and the total depths of juvenile Y-burrows were greater than the arm depths (equivalent to total depth) of J and U-burrow (Fig. 5) . This suggests that J and U-burrows could be precursor burrows that will eventually be further excavated to become Y-burrows (Fig. 2) . Data from the young adult burrows were not analysed due to a small sample size.
Analyses of covariance (ANCOVA) showed that the slopes of the regression lines of shaft depth and arm depth in juvenile and young adult O. ceratophthalmus was significantly different (P , 0.05, Table 1 ). The scatterplots and fitted regression lines for the two depths of the burrow parts are given in Fig. 6A , B. The proportion of arm depth to total burrow depth was greater than the proportion of shaft depth to total depth until the total depth reaches 26.0 cm in juvenile Y-burrows and 36.0 cm in young adult Y-burrows. Beyond this depth, the reverse trend is observed, i.e., the proportion of shaft depth to total depth was greater than the proportion of arm depth to total depth in both juvenile and young adult Y-burrows. Juvenile crabs excavate burrows with arm depths that range from 10.0 to 20.0 cm whereas young adults construct burrows with arm depths around 17.0 cm.
Results of the Watson-Williams tests showed that in Yburrows, the angle that the OA made with the substrate in juvenile burrows, a Juv was significantly larger than that in young adult burrows, a YgA (P , 0.05) ( 
DISCUSSION
Burrows made by O. ceratophthalmus in our study had similar architecture as O. ceratophthalmus and O. sinensis burrows described in previous studies, e.g., I, J, U, and Y in shape (see Hayasaka, 1935; Takahasi, 1935; De, 2005; Chan et al., 2006; Seike and Nara, 2008) but variations in forms were evident. Spiral-shaped burrows and Y-shaped burrows with chambers as described by Chan et al. (2006) were not observed in this study. The presence of chambers in burrows can be related to reproduction; perhaps our study was not conducted during the mating season of O. ceratophthalmus at Sai Kaew beach. The predominance of Y-shaped burrows was also observed at some beaches in Phuket (Thailand) (Yong A.Y.P., personal observation) as well as at the beach on the island, Talang Talang Besar (Sarawak) (Lim S.S.L., unpublished data). However, they are absent on the beaches of Singapore (Yong, A.Y.P., personal observation). We hypothesize that this difference could be due to differences in sediment grain size at the different locations. Preliminary qualitative observations indicate that Y-shaped burrows tend to be constructed in fine sediment (e.g., in Phuket and at Talang Talang Besar), whereas J-shaped burrows were common in coarse sediment found on Singapore shores. Further work needs to be conducted to investigate the effects of sediment grain size on the type of burrow that O. ceratophthalmus constructs.
The juvenile and young adult burrows at Sai Kaew were found in the same zone at the foreshore. This pattern of burrow distribution differed from that reported for O. cursor (see Shuchman and Warburg, 1978) in Israel and, O. ceratophthalmus in India and Hong Kong (Chakrabarti, Fig. 6 . Scatterplot of burrow arm depth and shaft depth against total burrow depth of juvenile and young adult Ocypode ceratophthalmus from Sai Kaew Beach, Thailand. A, juvenile crabs; and B, young adults N , arm depth of juvenile; m, shaft depth of juvenile burrow; #, arm depth of young adult burrow; and n, shaft depth of young adult burrow. Chan et al., 2006, respectively) where burrows with smaller diameters are usually found at the foreshore and those with larger diameters are located at the backshore. This could be due to the differences in tidal levels and beach slope between the different sites (Frey and Mayou, 1971) . The beach slope at our study is relatively flat and might not be inclined at an angle that significantly affects the size distribution of the crabs on the shore. Results from our study (Fig. 3) show that juvenile and young adult O. ceratophthalmus individuals do not excavate specific type of burrow shapes at the different growth stages. This is in contrast to observations reported by Takahasi (1935) and Chan et al. (2006) . Takahasi (1935) stated that juvenile O. ceratophthalmus in Formosa (present day Taiwan) excavate J-burrows and the adult crabs excavate U-burrows, followed by Y-burrows. Similarly, Chan et al. (2006) reported that juvenile crabs in Hong Kong excavate J-burrows but they also reported that adults inhabit spiral-shaped, Y-shaped or single tube burrows. It should be noted that the rationale for the criterion of Chan et al. for the determination of crab growth stages and size class seemed arbitrary and not based on any literature. Furthermore, the sample size (number of burrows with captured crab occupants) in their study was very small as compared to our present study. The categorisation of burrow shapes based on the burrow diameter for such a small sample size in Chan et al. should be critically reviewed. Comparison of arm depths of J, U, and Y and total depths of the burrows in our study (Fig. 5) indicated that the arm depths of the three burrow shapes are equivalent. Hence, there is a possibility that the crabs excavate the burrows in the order of the shapes: J then U and followed by Y as mentioned by Takahasi (1935) .
Results on the relationship between 1) the arm depth, and 2) the vertical shaft depth and the total burrow depths of Yburrows suggest that both juvenile and young adult crabs deepen the Y-burrows by lengthening the vertical height of the shaft after the arms are constructed. The maximum arm depth in juvenile burrows is 20.0 cm and when the total burrow depth in juvenile burrows reaches 26.0 cm (Fig. 6A) , further increase in total depth is due to shaft lengthening. The arm depth in young adult Y-burrows remains relatively constant at about 17.0 cm. When the total burrow depth reaches 36.0 cm (Fig. 6B) , any increase in depth is due to subsequent shaft-lengthening. Limiting the arm depths within the range of 15.0 to 20.0 cm from the surface of the substratum could be an adaptive strategy of the crabs to escape from predators. The arms allow the crabs to hide below the sand surface when there are predators in the vicinity. When there is disturbance at the burrow opening, the crab is able to rapidly dig through the last few cm of sand via the blind-ending arm. For this strategy to be effective, the arm depth should not be too deep. Takahasi (1932) and Hayasaka (1935) noted that the burrow shafts of O. ceratophthalmus reached the ground water table. In contrast, De (2000) argued that there is no need for the burrows to reach the ground water level since these semi-terrestrial crabs are able to wet their gills through capillary action of respiratory water drawn from interstitial water at the burrow base or from surficial sources. In our study, we have not observed that the tips of the shafts reached the water table. De (2005) described the sequential transition of Ocypode burrow forms from I to J, U, Y and finally multiple branches on Y-burrows. Although the sequence of transition is similar to what we propose, we disagree with his suggestion of how the burrows are excavated in the three phases of a burrow cycle (see De, 2005) . According to De (2005) , a burrow cycle begins with the simple burrow architecture of I, J, partially U or Y. He postulated that when the tide rises, the level of capillary water in the substrate increases and the surface layers of sediment ahead of the water and wave front forms a viscous flow that plugs up the funnel-shaped burrow mouths. The rising tide increases the air column pressure in the burrow thereby triggering the crab occupant to start digging a new or existing secondary arm to neutralise the pressure. De (2005) called this the second phase which allows the crab to be nearer the surface should there be a need to escape and also offers it another chance of trapping an air column if the burrow collapses. According to De (2005) material from the excavation are dumped at the base of the burrow shaft. The third phase of the burrow cycle begins when the tide recedes. De (2005) described that the sediment plug is forced open to create the burrow opening by the higher pressure within the air column in the plugged burrow. We disagree with De's description of the burrow cycle sequence as the wax casts of our Y-burrow shafts had defined rounded ends which do not indicate the presence of loose sediment dumped at the shaft or arms. Furthermore the sediment at the bottom of the shaft did not look disturbed or loose during excavation. We also observed that several complete U-burrows or those with the blind ending arms very close to the surface had short, stubby branches which resembled the shafts (Fig. 2C) ; this suggests the initial stages in the construction of the Y-burrow. We also disagree with his description of how the burrow is plugged. Why does the viscous flow of sediment during the rising tide only plug the burrow and not fill up the burrow completely? Plugging of burrows has been observed on the beaches of Singapore on hot days (Yong, A.Y.P) . Thus, we propose that a Y-burrow is excavated in the following transitional forms: a J-burrow is excavated initially followed by a complete U-burrow and finally a branch on the base of the U-burrow which extends to form the shaft in a Y-burrow. Results from our study indicate differences between the burrow morphology of juvenile and young adult Y-burrows even though the proportion of carapace length to width of the crabs at all stages of maturity remains the same. We attribute these differences in part, to the young adult crab's spatial requirements in burrows as a consequence of its larger body size. In addition, a more gradual bend in the ascending open arm and shaft in the burrows of young adult O. ceratophthalmus may accommodate the more restricted maneuverability of the young adult crabs.
Variations in angles of the burrow arms and shafts of the different burrow shapes could also be an adaptive strategy of the crab to escape from potential predators above the burrow. The steeper-sloped open arm of the juvenile Yburrows may provide better protection from predators through rapid retreat to deeper depths (Fig. 7) . Considering that the blind-ending arm is used as an escaped route for the crabs when there is potential danger, b might be consistent as it is an optimum angle for escape by both juvenile and young adult crabs. The invariable a in J, U and Y-burrows supports our hypothesis that J and U-burrows are precursors of Y-burrows. It is evident that further work could substantiate our hypothesis. For example, ex situ studies can be conducted to investigate and compare the burrow morphologies of O. ceratophthalmus in sediment of different grain sizes, e.g., fine grain versus coarse grain and in sediment exposed to different levels of ground water. Comparison of the burrow morphology of O.
ceratophthalmus from the west coast of Thailand where there are beaches with difference sediment characteristics could also be carried out. Such studies on the morphology of the burrows of Ocypode will enable us to better understand the roles of these crabs as bioturbators and bioindicators in coastal beach habitats.
